CARBON DIOXIDE (CO 2 ) is intimately involved in the regulation of cerebral blood flow (CBF). Steady state studies have shown that the cerebrovascular effects of CO 2 are mediated locally (Kontos et al., 1977) , as opposed to mediation via brain stem centers (Shalit et al., 1967) . However, there are relatively few studies of the time-dependent factors which ultimately must be considered in any hypothesis regarding the local regulatory mechanism. Such factors include smooth muscle response time, and transport-dependent and diffusion-related phenomenon, as well as the time-dependent influences of the physical and metabolic buffer mechanisms. A traditional method of investigating control mechanisms is to use the so-called 'black box" approach, i.e., a known input variable is driven to change in either a step or sinusoidal manner and the mechanisms output response is evaluated (Cunningham et al., 1965; Lambertsen et al., 1965; Gelfand and Lambertsen, 1973; and Tuteur et al., 1976) . With this method of analysis, the effects of initial load level and forcing function amplitude are varied and used to derive information about the mechanisms' control characteristics. In part, the absence of this information is due to a lack of suitable methods for measuring CBF in the non-steady state. Of those studies that have been attempted, the results are contradictory. One group (Shapiro et al., 1966) reported that CBF becomes dissociated from arterial carbon dioxide tension (PacO2) when driven by a step increase in inspired CO 2 . In their studies, CBF was found to correlate more closely with cerebral venous carbon dioxide tension (Pvco 2 ) than with Paco 2 . However, another group (Severinghaus and Lassen, 1967) measured CBF during step hypocapnia and observed that CBF and Paco 2 were closely allied, whereas CBF and Pvco 2 were dissociated. The findings of the former group were taken to suggest that tissue carbon dioxide tension (Ptco 2 ) is the predominant variable regulating cerebral vessel tone, whereas the findings of the latter group suggest that cerebral vessels are insensitive to CO 2 within the tissue and are more strongly influenced by intravascular CO 2 . Although the discrepancies between these two studies have not been fully resolved, other data (Nilsson et al., 1975; Tuteur et al., 1976) seem to support the latter interpretation.
We have observed that CBF increases relatively more slowly than does end-tidal CO 2 (Peco 2 ) during the onset phase of hypercapnia and parallels Peco 2 during the offset phase of hypercapnia. Flow transients produced in this manner are asymetrical and phase dependent, requiring a longer time to achieve steady state conditions in the onset than offset phases. Since Peco 2 reflects Paco 2 , our initial observations appeared to be inconsistent with the concept that cerebral vessels sense intravascular CO2 predominantly.
The purpose of this study was to evaluate the temporal relationships between Paco 2 , Pvco 2 , and CBF more closely. These relationships were studied under conditions in which the effects of initial load level (initial CBF), forcing function amplitude (differing degrees of hypercapnia), and direction of change, could be analyzed.
Methods

General
Mongrel dogs of both sexes, (17-22 kg) were anesthetized with sodium pentobarbital (Nembutal, 35 mg/kg, iv) . A surgical level of anesthesia was maintained throughout the experiments by giving supplemental doses of anesthesia (30-60 mg). Flaxidil (1 mg/kg, iv) was used as the paralytic agent. Rectal temperature was monitored by a Tele-thermometer (Yellow Springs Instrument Co.) and maintained around 38°C with a heating pad. Temperature measurements were recorded for later determination of blood gas correction factors. End-tidal percent CO 2 was monitored continuously (Beckman Instruments Co.).
Surgical Preparation
Arterial blood pressure was measured from a cannula placed in an omocervical artery. The femoral veins were cannulated bilaterally to return the cerebral venous effluent and to administer anesthetic and paralytic agents. All animals were tracheotomized and mechanically ventilated. In a number of experiments, blood volume was deliberately altered to maintain the mean arterial blood pressure rigorously at a constant value throughout the altered CO2 state. In these experiments, the femoral arteries were cannulated bilaterally with large bore polyvinyl tubes and attached to a feedback actuated Harvard infusion-withdrawal pump.
Cerebral Blood Flow Measurement
The technique used to measure cerebral venous outflow has been described previously (Rapela and Green, 1964) . The confluence of the cerebral sinuses was cannulated and the lateral sinuses and occipital emissary veins were occluded with bone wax to prevent communication between intracranial and extracranial venous circulations. From the confluence of the sinuses, blood then passed through a calibrated electromagnetic flow probe before being returned to the dog via the femoral vein. With this technique, approximately 50-70% of the mass of the brain is drained at the confluence of the sagittal and straight sinuses. All pressures were referred to a common zeroreference plane set at the level of the right atrium. Cerebral venous outflow pressure was measured upstream from the flow probe. Brain perfusion pressure was estimated as systemic arterial pressure minus cerebral venous outflow pressure. Intracranial vascular resistance was calculated by dividing brain perfusion pressure by cerebral venous outflow.
The verification procedures for measuring CBF utilizing this venous outflow technique have been described in detail elsewhere (Traystman and Rapela, 1975) . In addition, the viability and responsivity of the cerebral vascu-597 lature to hypercapnia (Traystman and Rapela, 1975) , hypoxia (Traystman et al., 1978) , and the ability to autoregulate (Rapela and Green, 1964) using this technique have been previously demonstrated.
To assess the transient response of the flow measuring system, the response time of the flowmeter (Carolina Medical Electronics, model 332R) and Grass polygraph recorder was determined for a step input voltage representing an 80 ml/min full scale deflection from zero flow conditions. The 90% response time was 730 msec when the Grass driver amplifier was set to give a 0.5 output-toinput signal ratio at 15 Hz.
Blood Gas Analysis
Arterial and cerebral venous blood samples (1 ml) were drawn 60 seconds before changing inspired CO2, and at predetermined intervals throughout the procedure. Arterial blood samples were collected from an omocervical artery catheter, whereas cerebral venous blood samples were drawn directly from the cerebral venous outflow line. Blood gases (PCO2 and Po 2 ) and pH measurements were made with a model PHM73 pH/blood gas meter and combined BMS 3MK2 blood gas microsystem (Radiometer). The microsystem was calibrated with standard phosphate buffers (6.841 and 7.383 pH units), humidified 5%, and 10% CO 2 -containing gas mixtures, and 0% and 12% O 2 -containing gas mixtures. All measurements were body temperature corrected.
Protocols
During surgical preparation, all animals were mechanically ventilated from one side of a Harvard apparatus dual cylinder ventilator (Harvard model 618). Normocapnic blood gas levels were maintained by adjusting tidal volume with the respiratory rate held constant at about 15 breaths per minute. Before generating any transients, the tidal volume of both ventilator cylinders was tripled. Normocapnic blood gases were maintained in this hyperventilated state by adding a blended mixture of CO 2 and room air to the inlet port of the cylinder used for ventilation. In all instances, the second cylinder was preequilibrated with the gas mixture used for generating the transient.
Step changes in Pacc^ were produced by rapidly switching the animal's source of inspired air to the equilibrated cylinder. This technique of normocapnic-hyperventilation was found to produce significantly faster Pco 2 transients than by administering CO 2 gas mixtures to normally ventilated animals.
Step Hypercapnia
In 12 animals, step hypercapnia was produced by switching the animal from a normocapnic gas mixture to a gas mixture containing 10% CO 2 , 21% O 2 , and 69% N 2 . CBF was recorded continuously. Paired arterial and cerebral venous blood samples were drawn at predetermined times before and after the fractional concentration of CO 2 in the inspired air (Fico 2 ) was changed. Hypercapnia was maintained for 10 minutes, at which time the animal was switched back to the normocapnic gas mixture. Blood gas samples were again collected periodically for 10 minutes while CBF was measured continuously.
Step Hypocapnia-Step Hypercapnia
In seven animals, arterial Pcc^ was decreased stepwise by hyperventilation with room air. Eight minutes were allowed for the CBF and Pcc^ transients to stabilize before returning Fico 2 to the normocapnic level. The CBF transient was characterized during the return to normocapnia in four of the seven animals. In five of the seven animals, step hypercapnia was produced after the animals became normocapnic. The step hypercapnia was produced by ventilating with a 7-8% CO 2 gas mixture. This fractional CO 2 mixture was predicted to cause an equal, but directionally opposite, change in Paco 2 against which the transient generated during step hypocapnia could be compared.
Step Increases in Paco 2 after Raising CBF with a Previous Episode of Hypercapnia
In 15 animals, two step increments in Paco 2 were produced by administering two different CO 2 gas mixtures sequentially. The goal of these experiments was to generate two equal magnitude increases in CBF from differing baseline values. It was assumed that the relationship between Paco 2 and CBF was linear within the 30-80 mm Hg Paco 2 range (Reivich, 1964) , and therefore anticipated that two equal magnitude increases in Paco 2 would elicit two CBF transients with equal magnitude CBF changes. However, in the course of the series, it was determined that two equal magnitude changes in Paco 2 do not produce equal magnitude changes in CBF because the CO 2 -CBF relationship is not linear. Thus the CO 2 concentration of the initial gas mixture was reduced from 8 to 7% CO 2 . A challenge with 10.2% CO 2 in 21% oxygen and 68.8% nitrogen was always used to obtain the second CBF transient.
Step Increases in Paco 2 after Raising Initial CBF by Intraarterial Papaverine Infusion A solution containing 5 mg papaverine (6,7-dimethoxy-1-veratryl quinoline hydrochloride; Sigma Chemical Co.) per milliliter saline was infused bilaterally into the common carotid arteries at rates sufficient to elevate CBF above baseline levels. The dose-rate of infusion ranged from 38 mg/kg-min to 330 mg/kg-min. Adequate time was allowed for CBF to stabilize at the elevated rate before increasing Fi C o 2 -A step hypercapnia, induced by 10.2% CO 2 , was then superimposed upon the papaverine infusion. An 8-to 10-minute stabilization period was used, throughout which arterial and cerebral venous blood gases and CBF were measured. The CBF and CO 2 transients collected in these studies were compared to those obtained in animals administered 10% CO 2 without previous vasodilation to determine the effect of initial blood flow rate on CBF transient response time.
Characterization and Analysis of the CO 2 and Cerebral Blood Flow Transients
The CO 2 transients were sampled intermittently. To obtain a continuous transient, the measured Pco 2 was plotted as a function of time and a smooth curve drawn through the points. CO 2 response half-time measurements were taken from the smoothed transient. The CBF response half-time value was taken from a smoothed tracing of the original record. This procedure minimized the fluctuations in CBF due to cerebral venous blood sampling, and facilitated calculation of the instantaneous rate of change in CBF (dQ/dt) over small time intervals. Four characteristics of the CBF transient were measured: (1) the time required to induce 5% of the total change in CBF (to.05), (2) the time required to induce 50% of the total Circulation Research/Vol. 56, No. 4, April 1985 change in CBF (to.50), (3) the time required to induce 90% of the total change in CBF (to.90), (4) maximum instantaneous rate of change in CBF (dO/dt^). to.05 was taken as the estimate of the time delay between the onset of CO 2 breathing and the first change in blood flow, to.50 was used as a common point for comparing CBF and the CO 2 rates of change. Stability time was estimated from to. 9 o-dQ/dt was estimated from the first derivative of the CBF transient using a three-point numerical averaging technique. dQ/dtm,* was considered to be the best indicator of cerebral vessel responsivity to tissue CO 2 .
Correlational Analysis
Dispersion Analysis
As a first approximation, the degree of dispersion, that is the difference between the half-times of the CO 2 and CBF transients, was evaluated to establish cause and effect relationships. This analysis procedure assumes a proportional stimulus-response relationship. Thus, assuming there are no time-dependent processes acting upon the relationship, the rate of change in CBF would be expected to resemble that of the effective stimulus and to exhibit a similar half-time.
Momentary Correlation Analysis
Deductions based solely upon dispersion analysis techniques are limited by the assumption of a proportional stimulus-response relationship. However, this limitation can be overcome by comparing transients generated in both the onset and offset phases of a pulse, against one another. If it can be assumed that the stimulus-response relationship is not altered between the onset and offset phases, then the correlation of the CBF transient on the CO 2 transient responsible for initiating the effect should give identical relationships in both phases of the pulse.
To evaluate moment-to-moment relationships between CBF and Paco 2 and between CBF and Pvco 2/ the Pco 2 at each sample time was plotted against the CBF present at the time of sampling. A smooth line was then drawn through the points of each relationship. Hysteresis-like phenomena were taken to suggest "loose,' or distant coupling between the two variables, whereas the absence of hysteresis-like phenomenon was taken to indicate "tight,' or close coupling between the two variables.
Statistical Analysis
A major portion of the experiments performed in this study were performed to investigate the origin of the dispersion between the various CO 2 and CBF transients following a step change in inspired CO 2 concentration. Significant differences between dispersion times of transients of differing types were determined using a paired (-test to test for a difference in to.50 characteristics. In comparing transients of the same type, either a paired (-test or Student's /-test was used to analyze the differences in to.50, depending upon whether or not the control transient was generated within the same preparation.
Multivariate statistical procedures (Draper and Smith, 1966; Snedecor and Cochran, 1967) were applied in some protocols to aid in interpreting the data after it was realized that other factors affecting the test characteristic could not be adequately controlled. In these experiments, the multivariate analysis aided in assessing the contribution of the uncontrolled variable to the outcome of the results. Figure 1 shows the dynamic relationship between CBF and CO 2 transients during the onset of hypercapnia. In 12 transients, generated in 10 animals, there was a short lag period (0.23 ± 0.01 min) that preceded the initial CBF change. During this time, Paco 2 was increasing, but CBF was not. CBF became stable at 5.06 ± 1.23 minutes with tn.50 occurring 2.03 ± 0.12 minutes after the onset of CO 2 breathing. The to.so values for the Paco 2 and Pvco 2 transients were 0.39 ± 0.05 and 1.36 ± 0.11 minutes, respectively. The Pvco 2 and CBF half-times were significantly different, as were the Paco2 and CBF half-times. dQ/dt max occurred 0.98 ± 0.42 minute after CO 2 exposure. The peak was closely related to the minimum venous-arterial Pco 2 difference that occurred 0.5 minute after the inspired CO 2 was increased. In most experiments, the CBF transient displayed a second period of acceleration 2 minutes after the onset of hypercapnia. This second peak was always of lesser magnitude than the first, and for the remainder of the CO 2 breathing period, the CBF transient decelerated until steady state conditions were established. Arterial blood pressure was held constant at a mean value of 109 ± 3 mm Hg. The dynamic relationship between CBF and Pco 2 in the offset phase of hypercapnia is shown in Figure  2 . After a short lag period, CBF changed at a rate that quickly exceeded (39 ± 5 ml/min ) that measured in the onset phase (11 ± 1 ml/min 2 ) and resulted in a shorter half-time of response (0.66 ± 0.06 min). Differing rates for the Paco 2 forcing function could not account for the differing rates of change seen in the CBF transient on the two phases. Mean arterial blood pressure was 109 ± 3 mm Hg in the offset phase.
Results
Transients Produced by Means of a Step Increase in Paco 2
The momentary correlations of CBF on Paco 2 and Pvco 2 from a representative experiment are shown in Figure 3 . In the onset phase, Paco 2 increased rapidly, with CBF following at a slower rate. A similar lag occurred between Paco 2 and CBF on the offset phase of hypercapnia. In each experiment, the momentary correlation between Pvco 2 and CBF demonstrated less hysteresis than did the arterial Pco 2 and CBF relation. Generally, in the offset phase, Pvco 2 fell more rapidly than did CBF for the first 0.5-1.0 minute. The pattern then became reversed, and small changes in Pvco 2 were accompanied by large changes in CBF. After CBF achieved 
Transients Produced by Means of a
Step-Decrease in Paco 2 Figure 4 shows the temporal relationships between the Pco 2 and CBF transient for the two phases of hypocapnia. In both phases, a reasonable approximation to the CBF transient could be made by assuming that the rate of change in CBF was a single exponential. The rate constants were 0.77 minute in the hypocapnic-going direction and 0.74 minute in Step to Normocapnia the normocapnic-going direction. In comparison, arterial Pco 2 changed in both phases in a manner that could be characterized by a double exponential function. The rate constants were 0.21 minute and 1.78 minutes for the fast and slow components, respectively. In the normocapnic-going direction, the rate constants for the two Paco 2 components were 0.22 and 5.1 minutes. Figure 5 shows the momentary correlation of CBF on the two CO 2 transients. In this experiment, the closed loop formed by the Paco 2 -CBF correlation demonstrated that a similar level of CBF was associated with the same Paco 2 for both phases of the pulse. The Pvco 2 -CBF relation tended to be more open than the loops encountered in experiments where 10% CO 2 was used to generate the transients. Higher CBF levels occurred for the levels of Pvco 2 on the return limb than on the hypocapnic-going limb. Table 1 shows the results from five experiments in which a step hypercapnia was produced after the animals became normocapnic from a previously induced hypocapnic episode. There was no significant difference in dQ/dt max produced by forcing Paco 2 in either the hypercapnic or hypocapnic directions; thus the shorter halftime for the hypocapnic CBF transient was the result of the smaller magnitude change in CBF.
Transients Produced by Step Increases in Arterial Pco 2 after Initial Cerebral Blood Flow was Raised by Moderate Hypercapnia
The initial steady state levels of Paco 2 and CBF in 15 responses, from 15 dogs, were 36.6 ± 9 mm Hg and 19 ± 1 ml/min, respectively. The change in Paco 2 averaged 17.0 ± 0.9 mm Hg during step A (step to moderate hypercapnia) and 15.1 ± 1.0 mm Hg during step B (step to hypercapnia). There was no significant difference between the mean change in Paco 2 for the two steps. CBF was raised by 12 ± 2ml/min during step A and 17 ± 2 ml/min in step B. Due to the nonlinear nature of the CO 2 -CBF curves, the magnitude of the change in CBF was significantly different for the two steps. Table 2 shows that the abrupt increase in Paco 2 during step A was sufficient to disperse the Paco 2 and CBF transients and the Paco 2 and Pvco 2 transients, but was not sufficient to disperse the Pvco 2 and CBF transients. Similarly, there was no significant difference between the half-times for Pvco 2 and CBF in step B, but Paco 2 and Pvco 2 , as well as Paco 2 and CBF half-times, were significantly dispersed. There was no significant difference in the half-times for the Paco 2 transients in the two Fico 2 steps. Pvco 2 tended to increase at a faster rate during step B than during step A, but no statistical difference could be shown, due to the slow transient which occurred in one experiment. In this animal, the Paco 2 transient was slower in step B than in step A, and probably accounts for the lengthened Pvco 2 half-times. The CBF transient increased at a significantly faster rate during Fico 2 step A, as indicated by both the shorter half-time and greater absolute rates of change.
Equal magnitude increases in Paco 2 for steps A and B were expected to produce equal magnitude increases in CBF. However, the average increase in CBF per mm Hg increases in Paco 2 was 0.740 ± 0.40 and 1.21 ± 0.60 ml/min per mm Hg for the two steps, respectively. The average difference (0.47 ± 0.63) was significant. Since CBF changes of unequal magnitude could influence the method of comparing response rate between the two steps, multiple regression analysis was applied to the data to establish the contribution of initial CBF to the increase in CBF response rate. For the multiple regression model, data from the 15 experiments were pooled. Each step was considered to be a separate experiment. The only factors considered to 
Non-steady State Arterial Pcoj, Cerebral Venous Pcoj, and Cerebral Blood Flow Characteristics for Two Sequentially Produced
Step Increases in Inspired CO 2 Concentration
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Step A affect dQ/dt max were initial CBF rate and the change in CBF that occurred. No consideration was given to the factors responsible for the change in CBF. The purpose of the analysis was to determine whether the outcome of the results presented in Table 2 were significantly affected by differing magnitude changes in CBF between the two steps. The results indicated that a substantial portion of the variability in the maximum rate of change in CBF was attributable to both differing initial CBF rate and response magnitude. When the variation attributed to differing response magnitudes was held constant, the relationship between initial CBF and dQ/dt was significant at the 0.001 percentile level: Figure 6 shows the dynamic relationship between Paco 2 , Pvco 2 , and CBF for six selected experiments. In these animals, change in CBF during step B was within ±30% of that produced during step A. Two points are illustrated. First, the figure shows that the time course for the rate of change in CBF in the two Fico 2 steps was significantly increased in those animals whereby the criteria for comparing rate constants held, i.e., where the change in CBF was approximately equal for the two steps. Second, when Fico 2 was increased to 7-8%, the cerebral venous Pco 2 measured 15 seconds after the onset of the step change indicated a transient decrease before rising. In 13 of the 15 animals for which complete Pvco 2 transients were available, the decrease in Pvco 2 was significant (2 ± 2 mm Hg). The Pvco 2 measurement taken 15 seconds after the onset of 10% CO 2 breathing was not significant. Analysis of the CBF transient 15 second after the step change indicated CBF was significantly increased in both step A and step B. 6. The effect of initial cerebral blood flow on response rate.  In the six animals selected, the change in CBF during step B was  within 30% of the change that occurred during step A. Step A = 7-8% Fko 2 ; step B = 10% F^.
Half-time
Studies Utilizing Intra-arterial Papaverine Infusion to Increase Initial Cerebral Blood Flow
In seven dogs, papaverine infusion raised initial CBF by an average of 9 ± 2 ml/min (from 17 ± 7 to 26 ± 8 ml/min) while decreasing Paco 2 2 ± 2 mm Hg (from 7 ± 2 to 35 ± 3 mm Hg). The arteriovenous Pco 2 difference was not significantly altered in the higher blood flow state (15 ± 3 vs. 13 ± 1 mm Hg), because a significant increase in cerebral metabolism (from 1.55 ± 0.17 to 1.83 ± 0.17 ml/O 2 per min) accompanied papaverine infusion.
During 10% CO 2 breathing, arterial Pco 2 rose from 35 ± 3 to 68 ± 3 mm Hg and CBF increased from 26 ± 8 to 50 ± 14 ml/min. Although the control group (animals administered 10% CO 2 without previous dilation) tended toward larger magnitude changes in CBF during CO 2 inhalation than did the papaverine-infused group, no significant difference could be demonstrated between groups. The differing magnitude changes in CBF may have resulted from the higher Paco 2 achieved by the control group during hypercapnia. Nevertheless, the mean half-time of 0.99 ± 0.38 minute for CBF transients generated in the group receiving papaverine to increase initial CBF was significantly shorter than the 2.03 ± 0.42 minute half-time for CBF transients initiated without previous vasodilation. Moreover, dQ/dt m ax was significantly greater in the group dilated with papaverine (18 ± 3 ml/min 2 ) than in the untreated control group (11 ± 1 ml/min 2 ).
Discussion
The findings of the present study show: (1) CBF is more closely correlated with cerebral venous Pco 2 than with large artery Pco 2 , (2) the rapidity of the CBF response to hypercapnia is influenced by multiple factors, including initial blood flow rate and forcing function amplitude, but is independent of the direction of CO 2 change. These studies provide new evidence which we believe will aid in clarifying the controversy over the appropriate stimulus for the cerebrovascular response to CO 2 . Moreover, they provide additional insight into the physical factors involved in the response. This discussion will focus on the relative significance of the time-related factors that contribute to the observed dispersion of CO 2 and CBF transients.
Methodological Considerations
Three previous attempts (Shapiro et al., 1966; Severinghaus and Lassen, 1967; and Tuteur et al., 1976) have been made to evaluate the transient responses of the cerebral circulation to a step change in arterial Pco 2 . Each of these studies employed the reciprocal arteriovenous oxygen difference technique to estimate relative changes in CBF. However, as Zierler (1961) pointed out, if the arterial and venous oxygen concentrations are not stable, or if blood flow or the rate of tissue uptake are unsteady, then the arteriovenous difference can be affected unpredictably. Whereas we believe these studies were valid in their approach, their methodological limitations must clearly be kept in mind. The cerebral venous outflow technique utilized in the present study requires no assumptions regarding steady state. It provides a direct, continuous measurement of CBF, and thus seems optimally suited to the study of CBF transients.
Origins of the Differing Dynamic Response Characteristics for Cerebral Blood Flow and CO 2 Transients
Step Hypercapnia Lag. The initial changes in CBF always lagged behind the Paco 2 transient. This initial delay appears to be a pure transport delay originating from the transit time for blood passing from the lung to the brain. Previous studies have shown the lung-tocarotid artery circulation time in cats is 6 seconds (Nims and Marshall, 1938) , 5-6 seconds in awake dogs (Bouvert et al., 1965) , and 4-10 seconds in man (Dejours, 1962; Cunningham et al., 1965) . Thus, assuming a lung-to-carotid artery appearance time of from 4-10 seconds and a carotid artery-tojugular bulb appearance time of 6-7 seconds, the lung-to-brain lag should have a range of from 10-17 seconds. The average 14-second initial lag in CBF measured in the present study is within this range.
An alternative explanation for the initial delay is in the time required for cerebral vessels to respond to a change in pH or Pco 2 of their environment. Data from previous studies however, tend to discount such an explanation. Both Wahl and coworkers (1970) and Purves and Cragg (1976) have shown that pial arteries begin to dilate within 2-7 seconds after the close application of acidic mock cerebral spinal fluid. Greenberg and Reivich (1977) reported that intervals up to 75 seconds long may, in some instances, be required for pial vessels to respond to a change in perivascular fluid pH, but that most vessels develop a maximum response within the first 10 seconds. The latter group attributed the wide variation in vessel response times to an inability to control accurately the distances between the injecting pipette and the vessel under study. Consequently, their conclusion was that the time course for a change in vessel diameter closely resembles the time course of the change in perivascular fluid
PH.
Dispersion. Several possibilities exist to explain the 1.4-minute difference between Paco 2 and CBF transients half-times. The most probable of these are that: (1) the combination of a highly permeable vessel wall and a large tissue solubility for CO 2 allows for complete equilibration of CO 2 between the blood and tissue phases as the hypercapnic blood passes into the smaller diameter brain vessels, and/or (2) the non-proportional nature of the stimulus-response relationship tends to lengthen the 603 difference in half-times used to characterize dispersion.
An important distinction must therefore be made between the Pco 2 in large systemic arteries and the Pco 2 in smaller arteries and arterioles. If gaseous exchange occurs freely in the larger brain vessels and is not limited by diffusion processes, the loss of CO 2 to the surrounding tissue will reduce arteriolar Pco 2 as it raises tissue Pco 2 . The result is a small transmural gradient across the arteriolar wall. Such an acute reduction in Paco 2 at the small arteries level may account for the dispersion between CBF and CO 2 transients, since it has been shown that smaller cerebral vessels are more responsive to CO 2 than are larger cerebral vessels (Wei et al., 1980) . Supporting this concept, a smaller difference was measured between the half-time for the Pvco 2 and CBF transient than was measured for the Paco 2 and CBF transient. The momentary correlation plot indicated that a similar level of CBF occurred for the same Pvco 2 in both phases of hypercapnia. In contrast, a higher flow was measured for any given Paco 2 in the offset phase than for the same Paco 2 in the onset phase of hypercapnia.
To interpret these findings, consideration must be given to the concept of tissue Pco 2 and how tissue Pco 2 might be expected to change in the onset of CO 2 breathing. Ponten and Siesjo (1966) measured Pco 2 in arterial and cerebral venous blood, and in cisternal cerebral spinal fluid (CSF) and on the surface of the cat cortex. CSF Pco 2 was found to exceed the average of the arterial and cerebral venous Pco 2 by 0.5 to 1 mm Hg. Measured cortical Pco 2 gave identical values. The relation was found to hold true for hypocapnia, normocapnia, and hypercapnia, as long as sufficient time was allowed for steady state equilibration between Fi C o 2 alterations. Ponten and Siesjo (1965) have also reported the results of measured cortical surface Pco 2 ("tissue Pco 2 ") changes in spontaneously breathing cats abruptly exposed to 7% CO 2 . The halftime for the tissue Pco 2 transient was about 1.5 minutes, with equilibrium achieved 5-10 minutes after the onset of CO 2 breathing. At the end of the CO 2 administration, the marked increase in ventilation caused tissue Pco 2 to return to its pre-hypercapnic control value within 1 minute. Similar findings have been demonstrated by Krnjevic et al. (1964) . The values are nearly identical to the 1.60 ± 0.53 min Pvco 2 half-time reported in the present study for dogs hyperventilated with 7% CO 2 and appear to be compatible with the Pvco 2 half-times measured in spontaneously breathing dog (Lambertsen et al., 1965) . In view of the fact that Pvco 2 and CBF transients closely resemble one another during onset hypercapnia and that Pvco 2 appears to reflect tissue Pco 2 in the nonsteady state, these findings are interpreted as strongly suggesting that the tissue exerts an influence on the rate of change in CBF induced by arterial Pco 2 . By this concept it is the Pco 2 of the tissue that is important in determining cerebral vas-cular resistance. Presumably, this effect is mediated through the action of extracellular fluid (ECF [H + ]) (Kontos et al., 1977) .
Step Hypocapnia CBF transients elicited by abrupt decreases in Paco 2 to hypocapnic levels appear to closely resemble the Paco 2 transient, whereas cerebral venous Pco 2 continues to change after CBF has stabilized. Whereas these results have led others to conclude that perivascular Pco 2 is more important in determining cerebrovascular tone than is tissue Pco 2 (Severinghaus and Lassen, 1967 ), there appears to be no basis for distinguishing between these two variables solely on the closeness of the Paco 2 and CBF transients. In the present studies, when Paco 2 was abruptly increased from normocapnia by an amount equivalent to that used to induce hypocapnia, the absolute maximum rate of change in CBF achieved was the same as that induced for a decreasing change in Paco 2 . As previously discussed, in the hypercapnic-going direction, the CBF transient closely correlated with Pvco 2 . If the rate of change transient reflects the vascular response to the impact of Paco 2 change, then the shorter half-time for the hypocapnic-going CBF transient might suggest that the CBF transient is restricted by a limited degree of reduction in blood flow, thereby invalidating the dispersion correlation procedure.
It is well known that normobaric-hyperventilation increases the concentration of lactic acid in cerebral tissue (Plum and Posner, 1967; Leusen et al., 1967) . The resultant shift in extracellular pH limits the amount by which hyperventilation can decrease CBF. It is uncertain whether the lactic acid concentration rises as a consequence of the raised extracellular pH or a relative ischemia or both (Siesjo et al., 1974) . The data of MacMillan and Siesjo (1973) seem to establish that the increased lactate production during marked hypocapnia is of hypoxic origin. Moreover, Winn et al. (1981) have also implicated increased adenosine release as a factor which further prevents vasoconstriction in severe hypocapnia. It is clear that further decreases in CBF can be achieved by increasing the amount of dissolved oxygen in plasma during hyperbaric conditions (Plum et al., 1968) . Thus the limitation imposed on the excursion of the CBF transient could make the CBF transient appear more rapid than would be apparent if the vascular response to the change in Paco 2 were allowed to develop unrestricted.
It remains to be shown whether or not compensatory changes in metabolism are activated within the time-frame of the response. Folbergrova et al. (1975) have presented evidence showing the enzymatic changes necessary to account for intracellular buffering developed within 15 seconds after a change in Paco 2 . Extracellular buffering appears to occur over a longer period of time and may not explain the limited change in CBF (Siesjo et al., 1972) .
Circulation Research/Vol. 56, No. 4, April 1985 The Influence of Initial Cerebral Blood Flow Two previous studies have reported that CBF stabilizes earlier in the offset phase than in the onset phase (Shapiro et al., 1966; Tuteur et al., 1976) . Both groups attributed this disparity to spontaneous changes in ventilation. However, a similar observation was made in the present study when ventilation was controlled. Thus, keeping in mind the limitations associated with the arteriovenous O 2 methodology, it seems appropriate to pursue alternative explanations for this phenomenon. Both groups studied human subjects and allowed minute ventilation to change spontaneously in response to inhaled CO 2 . Consequently, differing arterial forcing functions were produced for the two phases of hypercapnia which could readily account for the differences in response time. In the present investigation, ventilation was held constant, yet the CBF transients changed at a rate that was more than two times faster upon the return to normocapnia from 10% CO 2 breathing than when 10% CO 2 was used to induce hypercapnia from normocapnia. To account for this phenomenon, it was hypothesized that the CBF response to Paco 2 is a blood flowlimited process. In this hypothesis, it is differences between CO 2 delivery and CO 2 clearance rates that are responsible for the asymmetries of the response.
For a purely diffusion-limited vascular bed, two CBF transients initiated from differing initial volume flow rates should display similar rate characteristics provided equal magnitude changes in Paco 2 are produced. If, however, the addition of CO 2 to the tissue is rate-limited by blood flow, then a faster rate of change should be observed in transients initiated from elevated volume flows, because larger quantities of CO 2 would be presented to the tissue per unit time interval.
In the present study, the effect of initial CBF on cerebrovascular CO 2 response rate was studied by two different means to produce the initial elevation in flow. The results of both investigations support the concept that the response is flow limited rather than diffusion limited, but neither study is conclusive due to technical limitations. In the group administered two levels of CO 2 , the test criteria assumes that there is a linear relationship between CBF and Paco 2 . This condition was not met. Although faster CBF transients were associated with smaller increments in Paco 2 at higher initial Paco 2 levels, it may still be argued that the differing response rates were attributable to nonlinearities in the steady state CBF-CO 2 response curve. To exclude this possibility, Paco 2 was incremented over similar portions of the CBF-CO 2 relationship using intraarterial papaverine to produce the flow change. The studies were confounded by the observation that papaverine vasodilation increases cerebral oxygen consumption. Previous studies (Fujishima et al., 1971; Edvinsson and MacKenzie, 1977; and Dahlgren and Siejo, 1981) , as well as our own observations, indicate that barbiturate anesthesia curtails cerebral CO 2 responsiveness. Presumably, these effects are brought about by changes in cerebral metabolism, but direct effects have been documented as well (Edvinsson and McCulloch, 1981) . Despite these complications, it seems unlikely to us that an 18% increase in CMRO 2 can fully account for the 2fold increase in response rate observed in the present study. Thus, we maintain that the major factor affecting cerebrovascular response rate was the elevated initial blood flow, that is, CO 2 delivery, and not cerebral metabolism.
